ABSTRACT: Five steers (mean BW 526 kg) fitted with ruminal, duodenal, and ileal cannulas were used in a 5 × 6 Youden square design with 14-d periods. Diets contained chopped alfalfa hay, corn silage, and concentrate (25:35:40, DM basis). Treatments were 1 ) control (no added fat); 2 ) tallow ( T ) , iodine value ( I V ) = 51.5; 3 ) partially hydrogenated tallow (PHT), IV = 30.7; 4 ) hydrogenated tallow (HT), IV = 6.9; 5 ) blend (1:1) of HT and hydrogenated free fatty acids (HTHFA), IV = 9.0; and 6 ) hydrogenated free fatty acids (HFA), IV = 11.2. Fats replaced cornstarch in the control diet to supply 5% added fatty acids. Intake was restricted to 90% of ad libitum; DMI was similar among diets (mean 9 kg/d). Total fatty acid intake averaged 170, 500, 506, 525, 489, and 491 g/d for treatments 1 to 6, respectively. Flows of total C 16 , total C 18 , and total fatty acids to the duodenum were increased by supplemental fat; flows of total C 18 and total fatty acids were greater than their intake for all treatments. Flow of total fatty acids associated with ruminal bacteria accounted for 50 and 17% of the total duodenal fatty acid flow for the control and fatsupplemented diets, respectively. Digestibility of total fatty acids entering the small intestine (74, 71, 62, 39, 53, and 63% for treatments 1 to 6, respectively) was greater for the control diet than for fat-supplemented diets and decreased as either saturation ( T < PHT < HT) or esterification (HFA < HTHFA < HT) increased. Digestibilities of fatty acids in the total tract followed similar patterns. Ruminal lipolysis of dietary triglycerides decreased linearly as the degree of saturation of fat sources increased. Small intestinal disappearance of triglycerides (89, 75, 51, 44, 64, and 73% of duodenal flow for treatments 1 to 6, respectively) decreased linearly as either saturation or esterification increased. Flows and digestion of gross energy followed patterns similar to those for fatty acids and triglycerides. Resistance to ruminal and small intestinal lipolysis is a major factor contributing to the poor digestibility of highly saturated triglycerides.
Introduction
Hydrogenated fats are used to provide long-chain fatty acids ( FA) in a "dry" form to ruminants. Increasing saturation of fat sources decreases effects on ruminal fermentation (Chalupa et al., 1984; Elliott et al., 1997) but also decreases fatty acid digestibility (Jenkins and Jenny, 1989; Elliott et al., 1994; Pantoja et al., 1994 Pantoja et al., , 1996 . Digestibility of FA in hydrogenated triglycerides, such as hydrogenated tallow ( HT) , is lower than FA digestibility of nonhydrogenated fats (Macleod and Buchanan-Smith, 1972; Jenkins and Jenny, 1989; Eastridge and Firkins, 1992) . Digestibilities of hydrogenated free FA ( HFA) have been reported to be higher than those of HT with a similar degree of saturation in some (Macleod and Buchanan-Smith, 1972; Elliott et al., 1994; Pantoja et al., 1995) , but not in all, studies (Eastridge and Firkins, 1991) , suggesting that lipolysis of hydrogenated triglycerides may limit FA digestibility.
Factors responsible for the poor digestibility of HT have not been defined clearly. In vitro ruminal lipolysis of HT was minimal (Palmquist and Kinsey, 1993) . Thus, it is assumed that ruminal lipolysis in vivo is minimal, and problems in solubilizing or hydrolyzing the saturated triglycerides of HT in the small intestine may limit its digestion. Indirect support for these assumptions has been obtained in previous experiments (Elliott et al., 1994; Pantoja et al., 1995) .
Our objective was to quantify the site and extent of digestion of FA and triglycerides in steers fed diets containing fat sources with varying degrees of esterification and saturation. Effects of these fats on ruminal fermentation, site and extent of digestion of OM, fiber, and N, and net microbial protein synthesis were reported previously (Elliott et al., 1997) .
Materials and Methods
Experimental procedures were described in detail previously (Elliott et al., 1997) . Briefly, five Angus × Simmental crossbred steers (mean BW 526 kg) fitted with ruminal cannulas and simple T-shaped cannulas in the proximal duodenum and terminal ileum were used in a 5 × 6 Youden square (i.e., incomplete Latin square) design with 14-d periods. Measurements were made during the last 5 d of each period. All procedures were conducted under protocols approved by the University of Illinois Laboratory Animal Care Advisory Committee.
Experimental diets were described previously (Elliott et al., 1997) and contained (DM basis) 25.0% chopped alfalfa hay, 35.0% corn silage, 10.0% soy hulls, 19.6% ground shelled corn, 1% urea, 1.4% minerals and vitamins, 1.9 to 8.0% cornstarch grits, and 5.0 to 6.1% of the respective fat source. The following six dietary treatments were used: 1 ) control, no added fat; 2 ) 5.6% native tallow ( T; Max-Fat, Maxco, Green Bay, WI); 3 ) 5.6% partially hydrogenated T ( PHT; Alifet, Alifet USA, Cincinnati, OH); 4 ) 5.6% HT (Milk Specialties Co., Dundee, IL); 5 ) 5.3% HT-HFA blend (50:50, wt/wt; Milk Specialties Co.); and 6 ) 5.0% HFA (Energy Booster 100; Milk Specialties Co.). Treatments represented a series of diets with increasing degree of saturation of added triglycerides (iodine value [IV] = 51.5, 30.7, and 6.9 for T, PHT, and HT, respectively), and a series of diets with increasing esterification of highly saturated FA (0, 50, and 100% esterified for HFA, HTHFA, and HT, respectively).
Fat sources (Table 1 ) replaced cornstarch grits in the control diet and were added to supply 5% FA to each diet. Diets were fed as total mixed rations at 2-h intervals 12 times daily via automatic feeders in amounts to supply 90% of ad libitum intake for each steer. Intake of DM was restricted to avoid possible confounding effects of intake variation on measurements of digestibilities (Elliott et al., 1997) .
The T treatment was prepared by placing a band heater around the barrel containing the T. After melting, the T was incorporated into the concentrate and mixed thoroughly. The HT-HFA blend was prepared (Milk Specialties Co.) for this experiment by melting HT and HFA, mixing the fats together, and then prilling the mixture to re-form a dry fat supplement. Relative particle size of the fat supplements was not determined in this experiment, but particle size seemed to be similar among the dry fat supplements used. The HT and HFA were similar to those fed in a previous study (Elliott et al., 1994) , in which their mean particle size was determined to be .55 mm in diameter.
Steers were dosed through the ruminal cannula with 10 g of Cr 2 O 3 powder twice daily at 12-h intervals during d 7 to 14 of each period to measure intestinal nutrient flows and apparent digestibilities of nutrients in the digestive tract. Sampling and preparation of feeds, duodenal and ileal digesta, and feces was described previously (Elliott et al., 1997) . Samples were analyzed for contents of energy using bomb calorimetry (1261 Isoperibol Calorimeter, Parr Instrument Co., Moline, IL), FA using GLC (Sukhija and Palmquist, 1988) , and triglycerides as described later. Purines, used as a bacterial marker, were measured in digesta samples with the method of Zinn and Owens (1986) . Concentrations of Cr in duodenal, ileal, and fecal samples were determined with atomic absorption spectrophotometry according to the procedures of Williams et al. (1962) .
On d 11 and 13, four samples of ruminal contents (500 mL) were collected at 6-h intervals from the reticulum near the reticulo-omasal orifice. At each sampling, ruminal contents were mixed thoroughly and a subsample was frozen until it was lyophilized. Lyophilized samples were pooled, ground through a 1-mm screen, and analyzed for triglycerides. Bacteria were isolated from the remaining fresh contents by differential centrifugation using a modified method of Steinhour et al. (1982) as described previously (Elliott et al., 1997) . Pooled samples from each period were lyophilized and analyzed for FA and purines.
For analysis of FA, methyl esters of FA were prepared (Sukhija and Palmquist, 1988 ) and separated on an SP-2340 fused silica capillary column (.32 mm × 30 m; Supelco, Bellefonte, PA) in a HewlettPackard 5890A GLC (Hewlett-Packard, Avondale, PA) fitted with a flame ionization detector that was maintained at 240°C. The split ratio in the injector port (230°C ) was 100:1 with a column flow of 1.1 mL/ min of He. Oven temperature was held at 160°C for 10 min, increased at 2°C/min to 200°C, and then held at 200°C for 1 min. The internal standard was nonadecanoic acid ( C 19:0 ; Sigma Chemical Co., St. Louis, MO).
The triglyceride content of the HTHFA blend was determined after separation using TLC and quantification using GLC (Elliott et al., 1996) . Quantification was in reference to recovery of tri-C 19:0 and free C 19:0 FA added to the sample prior to chromatography. Recovery of tri-C 19:0 and free C 19:0 in this system To determine triglyceride fatty acid content of feeds, lyophilized ruminal contents, duodenal and ileal digesta, and feces, dried samples (.5 g ) were weighed into screw-topped extraction tubes and 2 mL of internal standard (.5 mg/mL trinonadecanoin; NuChek Prep, Elysian, MN) was added. Eighteen milliliters of acidified chloroform/methanol (2:1, .1% HCl) was added, the mixture was vortexed, and then the tubes were mixed for 8 h on a wrist-action shaker. The tubes were turned at least once during this period to ensure that all particulate matter was removed from the walls of the tubes. Tubes then were centrifuged for 5 min at 1,000 × g, and the solvent layer was removed. The residue was washed twice with 4-mL aliquots of the solvent mixture, and the resulting supernatants were combined. The combined supernatants were evaporated under air to reduce solvent volume and then dried under N 2 . Five milliliters of .5 M Na 2 SO 4 and 10 mL of hexane were added to the residue in the tube. The mixture was vortexed, centrifuged, and the supernatant removed to another tube.
Lipid classes were separated on silica gel-coated TLC plates (Whatman 60A, LK6D) with hexane-ethyl ether-acetic acid (70:30:0.25) as the developing solvent system (Bauman et al., 1973) . Aliquots of lipid extracts (40 mL ) were spotted onto the preadsorbent zone of each plate; two lanes were used for each sample. Triglycerides were identified by using appropriate standards after visualization with iodine vapor, and the spots from the two sample lanes were scraped and combined into a 20-× 125-mm screwcapped culture tube.
Triglycerides were transesterified using a modification of the procedure of Sukhija and Palmquist (1988) . Briefly, 2 mL of hexane and 3 mL of 20% acetyl chloride in methanol were added to the tubes. Tubes were tightly capped and heated at 90°C for 2 h. After cooling, 2 mL of hexane and 10 mL of 6% K 2 CO 3 were added, the tubes were vortexed and centrifuged, and the upper (hexane) layer was removed. The hexane layer was evaporated to approximately 500 mL, which then was transferred to a GLC vial containing limited-volume inserts. Hexane was used during transesterification rather than benzene or toluene, as indicated in the original procedures of Sukhija and Palmquist (1988) , because of lower toxicity. Using hexane, values obtained from a series of samples of feeds, feces, and soybean oil (standard) averaged 110% ± 19.6 of values obtained using benzene. We have found that doubling the concentration of acetyl chloride (20%) from the original procedure (10%; Sukhija and Palmquist, 1988) tends to increase the recovery of saturated fat sources (data not presented).
Fatty acids were quantified using GLC as described for total fatty FA, except that a split ratio of 85:1 was used, column flow of He was 1.4 mL/min, and the initial oven temperature of 100°C was increased at 4°C/min to 180°C and then held for 25 min. The FA were identified based on retention times of authentic standards, and total FA (milligrams/gram of dry sample) were calculated based on the area of the internal standard.
Data were subjected to ANOVA appropriate for a Youden square design (Cochran and Cox, 1957) by using the GLM procedure of SAS (1985) . Model sums of squares were separated into steer, period, and treatment effects. Treatment comparisons were 1 ) control vs all treatments with added fat, 2 ) linear effect of increasing saturation of triglycerides (i.e., T < PHT < HT), 3 ) quadratic effect of increasing saturation, 4 ) linear effect of increasing esterification of saturated FA (i.e., HFA < HTHFA < HT), and 5 ) quadratic effect of increasing esterification. For effects of saturation, equal spacing of treatments was assumed on the basis of IV; for esterification, equal spacing of treatments was assumed based on the percentage esterified (0, 50, 100). Type four sums of squares were used throughout. Least squares means were computed (SAS, 1985) and are presented throughout. Comparisons with P ≤ .05 were considered to be statistically significant. Probability values between .06 and .15 are discussed as trends.
Results and Discussion
As discussed previously (Elliott et al., 1997) , the total FA content increased from 1.9% for the control diet to approximately 5.6% for the fat-supplemented diets. The analyzed total FA content of the fatsupplemented diets was less than anticipated. Values for triglyceride FA obtained by prior lipid extraction and TLC averaged 6.6% for T, PHT, and HT, compared with 1.9% for the control diet, which is closer to anticipated values. The increase in gross energy content of the diets (from 4.29 Mcal/kg for control to 4.55 Mcal/kg for fat-supplemented diets) was as expected when fat replaced starch in the control diet, and verified that fats were added as formulated. Similar values for FA contents of our feeds were obtained by two independent laboratories (D. L. Palmquist, Ohio Agricultural Research and Development Center, Wooster and J. L. Firkins, The Ohio State University, Columbus) using the same methodology for one-step transesterification. The reason for the lower recovery of FA in the feeds is unknown, but because the discrepancy was systematic across diets, comparisons among treatments should not be compromised.
Because there was no difference in DMI among treatments ( x = 9 kg/d), intakes of individual FA (Table 2 ) varied according to their content in the diets. The quadratic effect of saturation was significant for intake of trans C 18:1 because of the greater content of trans isomers in PHT (Table 1) . Intakes of total C 14 , total C 16 , total C 18 , and total FA increased when fat was added to the diet. Intake of total C 16 FA was similar when steers were fed diets containing T, PHT, and HT but increased linearly with decreasing esterification because of the higher content of C 16:0 in HFA. Although intake of cis C 18:1 decreased with increasing saturation, intake of C 18:0 increased more, resulting in higher intake of total C 18 for steers fed HT. Intake of total FA increased from 170 g/d when steers were fed the control diet to a mean of 502 g/d when steers were fed diets containing supplemental fat. No differences in intakes of total FA were observed among fat-supplemented diets.
The significantly greater intake of FA when steers were fed fat-supplemented diets resulted in an increased flow of all FA to the duodenum, except for C 12:0 , C 14:1 , C 18:2 , and C 18:3 , which were unaffected (data not shown). Flows of individual FA to the duodenum when steers were fed fat-supplemented diets largely reflected differences in FA composition of fat sources. Flow of total FA to the duodenum was increased by a mean of 351 g/d when steers were fed diets containing fat, but source of fat had no effect on total FA flow to the duodenum. Flows of total FA to the duodenum were 142, 118, 114, 117, 118, and 118% of FA intake when steers were fed control, T, PHT, HT, HTHFA, and HFA, respectively. Flow of total FA to the duodenum for all treatments averaged 114% of FA intake in a previous study .
Net flows of individual and total FA (g/d) were calculated by subtracting intakes of FA from flows of FA to the duodenum (Table 3) . A negative net flow of a FA suggests disappearance of that FA from the rumen via biohydrogenation, absorption, or metabolism, whereas a positive net flow of a FA indicates appearance of that FA via biohydrogenation, from endogenous sources of fat, or from de novo FA synthesis by ruminal microorganisms . Although significantly different among treatments, differences in net flows of total C 14 and total C 16 FA were minimal and difficult to interpret. Net flow of total FA was not altered significantly by feeding diets supplemented with fat. However, net flow of total FA ranged from 63 to 89 g/d, suggesting that FA were synthesized by ruminal bacteria or that endogenous sources of FA passed to the duodenum.
Feeding supplemental fat to ruminants has resulted in various responses (increases, decreases, or no differences) for net flow of FA or flow of total FA to the duodenum relative to FA intake . From a survey of literature data, Doreau and Ferlay (1994) have presented a compelling argument that net balance of FA across the stomach normally is negative (i.e., FA disappear across the stomach). indicated that 30% of the ingested FA disappeared in the rumen and that individual FA disappeared to different extents, according to chain length. The greatest disappearance (> 90%) was for FA with a chain length shorter than C 14 , whereas the lowest disappearance was for total C 16 and total C 18 FA . Synthesis of FA ≥ C 14 in length averaged 124 g/d in lactating dairy cows .
Whether situations in which FA balance across the stomach is positive, as in our study, represent dietary or animal-specific differences from the norm or result from marker-associated or analytical artifacts (Wu et al., 1991) is an issue of continuing debate. In our study, because the duodenal cannula was placed proximal to the entrance of the bile duct, the greater flow than intake of FA should not be attributable to endogenous flow of FA . Alternately, differences could be due to inaccuracies of the indigestible marker used or to analytical artifacts as discussed by others ). An underestimated FA content in feed (Elliott et al., 1997) with accurate measurement of duodenal FA content could account for higher apparent flows of FA to the duodenum than FA consumed. We measured the effects of FA source on FA composition of the isolated ruminal bacterial fractions (Table 4 ). The contents of C 16:0 and cis C 18:1 decreased linearly as saturation increased; C 16:0 decreased even though the C 16:0 content in the fat supplements increased in the opposite direction ( T < PHT < HT; Table 1 ). Perhaps the decrease in C 16:0 maintained appropriate fluidity of lipids in the bacterial cell membranes. Total C 16 FA in bacteria increased when fat was supplemented in the diet but decreased linearly with increasing saturation (Table  4) . Contents of total C 18 FA and total FA in bacteria were unaffected by treatment. Inclusion of fat in diets usually has increased total FA content of ruminal bacteria Jenkins, 1993) , and this results in increased flow of bacterial FA to the duodenum Pantoja et al., 1994) . The nature of the increased FA content associated with bacteria is not entirely clear. Some of the increased FA may have been feed FA that were adsorbed to the surface of the bacterial cell walls or membranes; however, washing the bacterial fraction with hexane did not greatly affect the FA content . Bauchart et al. (1990) reported that bacteria incorporated FA as intracellular lipid droplets. The FA present in ruminal bacteria are mainly C 16:0 and C 18:0 (Jenkins, 1993) , although bacterial synthesis of oddand branched-chain FA is most prevalent . The lack of an increase in FA content of ruminal bacteria in our study might be attributable to regulation of the incorporation of C 16:0 and C 18:0 because the diets contained high amounts of these FA.
Flows of total C 18 and total FA associated with bacteria decreased when steers were fed diets containing supplemental fat (Table 5 ). Decreased bacterial FA flow was attributable to decreased bacterial protein flow reported earlier (Elliott et al., 1997) in response to replacement of starch with fat. Flows of bacteria-associated FA were minimally affected by the source of supplemental fat; the flow of total C 16 FA associated with bacteria tended ( P < .10) to increase quadratically with increasing esterification (Table 5) . Bacteria-associated FA contributed a larger portion of the total FA flow to the duodenum when steers were fed the control diet (50%) than when steers were fed diets that contained supplemental fat ( x = 17%). Total FA content of the bacterial DM ranged from 9.75 to 11.38% (Table 4) . Bacterial OM flow to the duodenum averaged 819 g/d (SE = 55) across diets; thus, the average flow of FA associated with bacteria (105.4 g/d) represented 12.9% of bacterial OM, similar to values reported by and Jenkins (1993) . The slight changes in bacterial FA composition and in biohydrogenation of unsaturated C 18 FA in T resulted in similar flows of C 18:0 to the duodenum among the T, PHT, and HT diets (mean 321 g/d) despite differences in intake of C 18:0 among those diets (Table 2) . Table 6 . Apparent small intestinal and total tract digestibilities of fatty acids (FA) for steers fed different sources of fat a T = tallow, PHT = partially hydrogenated tallow, HT = hydrogenated tallow, HFA = hydrogenated fatty acids, and HTHFA = blend of HT and HFA.
b Probabilities for contrasts: linear ( L ) and quadratic ( Q ) effects of increasing saturation (T, PHT, HT) and esterification (HFA, HTHFA, HT) of fat sources. The quadratic effect of esterification was nonsignificant for all variables.
c P > .15. Apparent small intestinal and total tract digestion coefficients for FA are shown in Table 6 . In general, small intestinal digestibilities of all individual FA were lower when steers were fed diets that contained supplemental fat, and they decreased linearly as either saturation or esterification increased. Differences were greatest between PHT and HT, as indicated by the quadratic effects or tendencies for the effect of increasing saturation on digestibilities of C 12:0 to C 18:0 . Small intestinal digestibilities of total Table 7 . Intake, ruminal concentration, flows, and digestion of triglyceride fatty acids for steers fed different fat sources a T = tallow, PHT = partially hydrogenated tallow, HT = hydrogenated tallow, HFA = hydrogenated fatty acids, and HTHFA = blend of HT and HFA.
b Probabilities for contrasts: linear ( L ) and quadratic ( Q ) effects of increasing saturation (T, PHT, HT) and esterification (HFA, HTHFA, HT) of fat sources.
c P > .15. C 14 , total C 16 , total C 18 , and total FA were higher when steers were fed the control diet than when steers were fed diets that contained supplemental fat. Digestibilities of total C 14 , total C 18 , and total FA in the small intestine decreased quadratically and digestibility of total C 16 FA tended to decrease quadratically as saturation increased; again, differences were greatest between PHT and HT. Digestibilities of total C 14 , total C 16 , and total C 18 FA decreased linearly as esterification increased, resulting in significant decreases in digestibility of total FA. Apparent digestibilities of FA in the large intestine were minimal ( x = 2.5% of ileal flow of total FA; SEM = 5.5) and are not reported. Apparent digestibilities of FA in the total tract followed the patterns observed for those in the small intestine. Digestibilities of FA were higher for the control than for fat-supplemented diets, mainly because of the low digestibilities for HT. Digestibilities of total FA decreased linearly as saturation increased (quadratic tendency, P =.06) and as esterification increased. Total FA digestibility decreased linearly from 65% for the T diet to 34% for the HT diet. Digestibility of FA in the T diet was highest among all fat-supplemented diets and was most similar to that of the control diet.
Data for intakes, flows, and digestibilities of triglyceride fatty acids are presented in Table 7 . To our knowledge, these are the first direct measurements of triglyceride flows and disappearance within the ruminant digestive tract. Intakes of total FA and triglyceride FA were nearly equal for the control diet (169.8 and 170.6 g/d), which is unlikely because of the presence of galactolipids from forages and phospholipids in addition to triglycerides. This discrepancy likely reflects differences in analytical procedures. The procedure was designed to extract exogenous (dietary) triglyceride from feed and digesta, because little triglyceride is synthesized within bacteria or the digestive tract. Variation was greater for the triglyceride FA procedure. Consequently, it is more appropriate to compare relative differences among treatments. Intake of triglyceride followed differences in the type of fat source added to the diet and decreased linearly as the degree of esterification decreased, as expected.
The concentration of triglyceride fatty acids in ruminal contents was greater when steers were fed fat-supplemented diets than when they were fed the control diet, and it increased linearly as either saturation or esterification of dietary fat sources increased. The flow of triglycerides to the duodenum was greater for fat-supplemented diets than for the control diet, and it increased linearly as saturation increased. Flows of triglyceride decreased quadratically as esterification decreased; flows were greatest when HT was fed. Flow at the ileum followed patterns similar to those of duodenal flow.
Apparent digestibility of triglycerides in the rumen decreased linearly as saturation increased (Table 7) . The effect of esterification was quadratic; ruminal digestibility was greater for HTHFA than for either HT or HFA. Triglyceride digestibility in the small intestine decreased linearly as either saturation or esterification increased. Total tract digestibility of triglyceride was greater for control than for fatsupplemented diets, and it decreased linearly as saturation increased. Total tract digestibility also decreased linearly as esterification increased; however, the tendency ( P < .11) for a quadratic effect of esterification suggests that the greatest difference occurred between HT and PHT. Total tract digestibil-ity of triglycerides was highly correlated ( r = .803) with total tract digestibility of total FA.
These data demonstrate that the amount of triglyceride escaping lipolysis in both the rumen and small intestine was greater as the degree of saturation of triglyceride increased or as more saturated triglyceride rather than free FA was fed. The method used to quantify triglycerides measures only the presence of intact triglycerides and does not reflect subsequent absorption or disappearance of FA resulting from triglyceride lipolysis. Thus, effects of saturation or esterification on triglyceride disappearance need not agree with effects on FA disappearance. For example, if absorption of the saturated FA was more limiting than triglyceride lipolysis, disappearance of triglyceride might not be decreased by increasing saturation, but FA digestibility would be expected to decrease. The fact that patterns of both triglyceride and FA disappearance were similar and highly correlated, and apparent small intestinal digestibility of FA in HFA was substantially greater than for HT, suggests that triglyceride lipolysis was more limiting for FA digestibility than was subsequent absorption of the saturated FA.
Feeding a hydrogenated fat supplement decreases the digestibility of FA in the supplement compared with the nonhydrogenated fat . Firkins and Eastridge (1994) summarized 11 studies that evaluated supplemental fat sources and concluded that FA digestibility decreased linearly when the IV of the fat decreased from 55 to 11. However, digestibilities of FA in fat sources with IV above 55 were similar. Digestibility of FA was not different among fat supplements when the IV ranged from 92 to 54 but decreased 20 percentage units when the IV decreased from 54 to 17 (Pantoja et al., 1994) . Digestibility of FA in cows fed PHT (Palmquist, 1991; Drackley and Elliott, 1993; Pantoja et al., 1995) was not decreased to the same extent as in studies with more extensively hydrogenated tallow. In our study, digestibility of total FA in the small intestine decreased only 8.5 percentage units when the IV decreased from 52 to 31 ( T to PHT), but when the IV of the fat supplement decreased to 7 (HT), intestinal FA digestibility decreased by 31 percentage units.
Although degree of saturation plays an important role in subsequent digestibility of hydrogenated fat supplements, our data indicate that the degree of esterification may be the limiting factor for digestibility of highly saturated FA. In our study, feeding greater amounts of HFA linearly increased digestibility of FA compared with feeding HT. Because the degree of saturation was roughly comparable among HT, HTHFA, and HFA, the lower digestibility of FA in HT likely is attributable to its chemical form (triglyceride vs free FA). The linear, and not quadratic, increase of FA digestibility observed as esterification decreased indicates that the presence of FFA in the blend did not synergistically enhance digestibility of HT in the present study.
Data for triglyceride disappearance in our study directly support the lack of lipolysis of HT in the rumen or small intestine as a major factor contributing to low FA digestibility. Although other in vivo data are lacking, ruminal lipolysis of HT has been assumed to be minimal (Palmquist, 1991) . Palmquist and Kinsey (1993) showed that lipolysis for HT was only 12 mg/(L·h), compared with 225 and 40 mg/(L·h) for an animal-vegetable blend and tallow, respectively. Our data indicate that the decreased digestibility of HT in previous experiments (Macleod and BuchananSmith, 1972; Jenkins and Jenny, 1989; Eastridge and Firkins, 1992; Eastridge et al., 1993; Elliott et al., 1994; Pantoja et al., 1994 Pantoja et al., , 1995 likely was due to the inability to hydrolyze HT in the rumen and small intestine. Problems in solubilizing the HT or with impaired access of pancreatic lipase to the HT seem more likely explanations rather than insufficient secretion or activity of pancreatic lipase. If triglycerides are fed at moderate levels in a form that protects them from ruminal lipolysis, pancreatic lipase is believed to be sufficient for triglyceride lipolysis (Grummer, 1991) . However, pancreatic lipase does not seem to be inducible and might become limiting if large quantities of triglyceride are presented to the small intestine (Grummer, 1991) . Pantoja et al. (1995) observed a 7 percentage unit increase in total tract digestibility of FA in cows fed hydrogenated FA compared with cows fed diets containing PHT. In contrast, Eastridge and Firkins (1991) did not detect differences in FA digestibility when lactating cows were fed diets supplemented with 5% HT in the form of FA or triglyceride, although digestibility of FA was lower when cows were fed fatsupplemented diets than when cows were fed the control diet (78, 50, and 54% for control, FA, and triglyceride, respectively).
The comparisons of effects of esterification in our study are confounded somewhat by differences in the C 16 :C 18 ratio. A larger C 16 :C 18 ratio usually increased FA digestion in saturated fats (Weisbjerg et al., 1992; Firkins and Eastridge, 1994) . In contrast, Pantoja et al. (1995) observed no differences in total FA digestibility when feeding dairy cows supplemental fats with ratios of C 16 :C 18 that averaged .49 and .78. In a previous experiment performed in our laboratory (Elliott et al., 1994) , apparent digestibilities of both C 16 and C 18 FA were decreased when cows were fed HT compared with HFA. Elliott et al. (1994) suggested that if emulsification and lipolysis of the triglyceride were not limiting, then digestibility of total C 16 FA should have been similar among fatsupplemented diets. Therefore, it seemed more likely that problems in solubilizing or hydrolyzing the HT limited its digestion, rather than a lower C 16 :C 18 ratio. Our direct measurements of triglyceride surviving Table 8 . Intake, flows, and digestion of gross energy for steers fed different fat sources a T = tallow, PHT = partially hydrogenated tallow, HT = hydrogenated tallow, HFA = hydrogenated fatty acids, and HTHFA = blend of HT and HFA.
c P > .15. ruminal and small intestinal lipolysis support this notion. Intakes, flows, and digestibilities of gross energy (Table 8 ) followed patterns similar to the FA and triglyceride data. Intake, flow to the duodenum, and flow from the ileum increased when diets containing fat were fed. The amount of energy (megacalories per day) digested in the rumen was not significantly different among fat sources (data not shown). When steers were fed HT, the flow of energy from the ileum increased, resulting in decreased digestion of energy in the small intestine. Digestibility of energy in the total tract was lower for diets supplemented with fat compared with the control diet, but most of this effect can be attributed to the HT diet. Jenkins and Jenny (1989) reported similar decreases in digestible energy when feeding hydrogenated yellow grease compared with yellow grease (56.6 vs 60.5%). The greater total tract digestible energy for the control diet than for diets containing supplemental fat may be attributed to the decreased FA digestibility for fat-supplemented diets and to the nonsignificant decreases in fiber digestibility reported previously (Elliott et al., 1997) for those diets. Differences in digestibilities of fiber and N fractions among the diets containing different fat sources were minimal (Elliott et al., 1997) , indicating that the lower FA and triglyceride digestibilities for HT accounted for most of the depression in energy digestibility.
Implications
Digestibility of fatty acids in tallow and hydrogenated free fatty acids was similar to that reported previously and was significantly greater than digestibility of fatty acids in hydrogenated tallow in our experiment. Small intestinal digestibility of fatty acids decreased as tallow became more saturated or as the saturated fat source contained more triglyceride than free fatty acids. Our data have demonstrated for the first time that flow of undigested triglycerides from the terminal ileum of steers increases as either the degree of saturation of hydrogenated triglycerides or the degree of esterification of saturated fatty acids increase. These data indicate that hydrogenated triglycerides are resistant to lipolysis in the rumen and small intestine. The poor digestibility of hydrogenated tallow limits its ability to increase digestible energy density in diets for ruminants.
